We present a theoretical and experimental study of the structure and NMR parameters of the pentacarbonyltungsten complexes of η 
INTRODUCTION
Transition metal complexes are of great interest due to their numerous applications in catalysis. For instance, tungsten oxide catalysts have widespread use in industry for catalyzing reactions such as metathesis, hydrodesulphurization, alcohol synthesis, acid synthesis and hydrodenitrogenation. [1] [2] [3] [4] Tungsten hexacarbonyl and its derivatives have also been used as photochromic substances and as efficient and reusable catalysts for epoxidation of alkenes with hydrogen peroxide. [5] The investigation of transition metal complexes and their properties can thus aid researchers in the industrialization of catalytic processes, chemisorption and organic chemistry as well as fundamental aspects of biochemistry. [1, [6] [7] [8] A number of studies have also
shown that transition metal systems are efficient in activating carbon-oxygen bonds. This could help in designing efficient metal complexes that can be used to reduce the oxides of carbon, the major causes of global warming due to human activities. Therefore, an understanding of the physico-chemical properties of metal complexes is of great importance.
Nuclear magnetic resonance (NMR) is a powerful tool for elucidating molecular structure and to provide insight into the electronic structure of a molecule. However, the presence of heavy atoms near the light atoms of the ligands affects the NMR properties of the ligand atoms, the so-called heavy-atom effects on light atoms (HALA effect), [9] [10] making the interpretation of the spectra difficult and requiring that relativistic effects are included in the calculations. [11] [12] [13] [14] [15] [16] [17] [18] [19] Among the most important relativistic Hamiltonians which are used to study NMR parameters and include relativistic corrections variationally are the two-component zeroth-order-regularapproximation (ZORA) Hamiltonian [20] and the four-component Dirac-Coulomb Hamiltonian, in both cases in combination with density-functional theory (DFT).
Four-component relativistic calculations hold great promise for the study of NMR properties of organometallic complexes. However, until recently the use of relativistic four-component methods for the study of NMR properties of transition-metal complexes were limited to rather small systems. We have recently demonstrated the maturity of four-component relativistic calculations at the DFT level using the ReSpect code, [21] showing that fast and reliable determination of NMR properties of relatively large organic systems containing bromine and iodine atoms is now possible. [15, 22] We have also presented studies of the NMR [23] and electron paramagnetic resonance (EPR) [24] properties of paramagnetic transition metal complexes.
In this work we apply the four-component methodology [25] [26] [27] to the calculation of both NMR chemical shifts and indirect spin-spin coupling constants of large systems containing transition metal elements. In particular, we present the first applications of the ReSpect code to the calculation of NMR parameters using hybrid functionals, showing that the inclusion of exact exchange is important in many cases in order to reliably predict NMR properties of organometallic complexes. As a demonstration, we aimed to study three tungsten carbonyl complexes, each with six ligands attached to the metal center by carbon, phosphorus and sulfur atoms. This set of molecules also contains a newly synthesized (η 1 -2-(trimethylstannyl)-4,5-dimethylphosphinine)-pentacarbonyltungsten (1) complex, and its synthesis and NMR parameters are also reported here. The latter compound contains two heavy metal atoms, tungsten and tin, making it an interesting candidate for relativistic NMR property calculations.
The synthesis and experimental NMR parameters of the remaining two molecules, η 2 -norbornene-pentacarbonyltungsten (2) and imidazolidine-2-thione-pentacarbonyltungsten (3), have been reported previously by Górski et al., [28] and Merniz et al., [29] respectively. The structures of all molecules together with their atom numbering are shown in Figure 1 . 
EXPERIMENTAL DETAILS

General Remarks
All oxygen and/or water sensitive reactions were carried out under dry nitrogen using 
COMPUTATIONAL DETAILS
The BP86 [31] [32] and B3LYP [33] [34] [35] [36] functionals together with the ZORA-optimized TZ2P [37] basis set were used for the geometry optimizations in delocalized coordinates with the 2014 version of the Amsterdam density functional (ADF) [38] program package employing the spinorbit ZORA (SO-ZORA). [20, [39] [40] For all optimized structures, a frequency calculation was performed to verify that the structures correspond to true minima and thus do not display imaginary frequencies. Grimme's dispersion correction [41] was used with both functionals (abbreviated as BP86-D3 and B3LYP-D3) in ADF. The four-component relativistic NMR property calculations were performed using the ReSpect electronic structure program package [21] that employs the restricted magnetic balance concept to ensure fast basis set convergence [25] [26] and gauge-including atomic orbitals (GIAO) to ensure gauge-origin independent results. [27] Helgaker et al. [42] showed that spin-spin coupling constants obtained at the local density approximation (LDA) and generalized gradient approximation (GGA) levels are poorer than those obtained at the B3LYP level, with errors often several times larger. Hence, for the spinspin coupling constant calculations, we used the B3LYP [33] [34] [35] [36] and BP86 [31] [32] functionals (the latter for comparison) together with the uncontracted pcJ-2 (triple-ζ quality) basis sets [43] for the light atoms and the uncontracted Dyall's relativistic valence triple-ζ (denoted as dyall-vtz) basis sets for tin [44] and tungsten. [45] [46] In our previous study, [22] we showed that GGA functionals give well as spin-spin couplings were determined from the calculations performed in gas-phase and in chloroform in a conductor-like screening model (COSMO) [47] employing the SO-ZORA relativistic approach as implemented in ADF.
RESULTS AND DISCUSSION
Molecular Geometries
Selected structural parameters of the three complexes are listed in Table 1 . In 1, the optimized structural parameters show that there are no considerable changes in the C-C unsaturated bonds compared to those of standard aromatic hydrocarbons. The C8-C12 and C7-C11 bonds are comparable to standard C sp 2-C sp 3 bond lengths, ca. 1.505 Å. [48] The C10-Sn is longer than C14-Sn as well as the Sn-C bond in TMT (2.184 Å), even though the former carbon atom is sp 2 hybridized. This is mainly due to steric crowding. The W-C6 and W-C11 bond lengths of 2 indicate that the norbornene is only weakly bonded to the tungsten atom. In 3, the C7-C8 bond length (exp. 1.536 Å) is longer than the standard C sp 3-C sp 3 bond length. The sulfur atom of the thiol group is sp 3 hybridized as is confirmed from the W-S-C6 bond angle of 109.5 o in the X-ray structure [29] and 100.5 o in the optimized geometry.
In all three complexes, the W-C(CO) bond lengths trans to the sixth ligand are shorter than the other equatorial W-C(CO) bonds due to the trans influence of the carbonyl ligand, making the bond between tungsten and the sixth ligand labile (see Table 1 ). Such a difference in bond lengths has a noticeable effect on the NMR parameters (vide infra). The W-C(CO) bonds show only minor deviations from an undistorted octahedral arrangement. However, this minor distortion leads to small deviations in the linearity of the W-CO bonds, with the biggest deviation being observed in gas phase with 177.0°. Moreover, in all the three complexes, the adjacent W-C(CO) bond vectors are nearly perpendicular, and those in the trans arrangement are nearly linear. The results also show that the ligands are fixed in a pseudo-octahedral arrangement around the tungsten atom. The overall analysis of the structural parameters shows that both functionals (BP86-D3 [31] [32] 41] and B3LYP-D3 [33] [34] [35] [36] 41] ) reproduce the structural parameters of the available X-ray data of 2 and 3 well. Considering the good agreement between theory and experiment for 2 and 3, we assume that the calculated structural parameters of 1 provide a good description of the geometry of the newly synthesized complex. Gas phase CHCl 3 Gas phase CHCl 3 Exp. [28] Gas phase CHCl 3 Exp. [29] W-C1 
NMR Chemical Shifts
The calculated and experimental proton chemical shifts for 1 -3 are listed in Table 2 In 2, the chemical shifts of H6 and H11 are less than the olefinic protons of the uncomplexed norbornene (5.95 ppm), [49] showing an influence of tungsten on the proton chemical shifts. e In complex 2, H8a and H9a are in the same chemical environment and both point in the direction of C12. This is also true for H8b and H9b, but they both point toward C6 and C11. H12a points in the opposite direction of the tungsten, whereas H12b points towards tungsten.
f Mean absolute deviation (MAD), calculated with respect to the experimental values.
The 13 C chemical shifts of 1 -3 are listed in Table 3 . The results for 1 show that the two carbon atoms attached to the phosphorus atom are highly deshielded compared to the carbon atoms in the six-membered ring. Of these two, C10 (bonded to both phosphorus and tin) is [50] whereas the calculated values show a difference of 2.0 ppm.
The sp 3 -hybridized carbon atoms attached to tin are highly shielded compared to standard sp 3 carbon atom chemical shifts. Among these carbon atoms, the atom furthest away from the carbonyls is shielded by about 11.7 ppm (see Table 3 ). On the other hand, the methyl carbon atoms attached to the phosphinine ring are deshielded compared to the methyl carbon atoms attached to tin, and resonate in the same region as those of the ring methyl carbon atoms of the uncomplexed 2-trimethylstannyl-4,5-dimethylphosphinine (23.53 ppm for C11 and 22.27 ppm for C12 of the free ligand). [50] The chemical shifts of the carbonyl carbon atoms of 1 are deshielded compared to carbon atoms of tungsten hexacarbonyl (192.0 ppm) [51] because of the electron-withdrawing effect of the sixth ligand. The solvent calculations suggest that C9 is more sensitive than the other carbon atoms to the choice of solvent and that C10 is the least sensitive.
It may be speculated that a steric influence of the trimethyltin group prevents the solvent from accessing C10. In general, the calculated solvent-corrected chemical shifts of the carbon atoms of the ring are in fair agreement with experiment.
There are three kinds of norbornene carbon atoms in 2. Of these, those attached to tungsten (C6 and C11) are highly deshielded, by 47 ppm experimentally and by 35 ppm in the calculations, compared to the corresponding carbon chemical shifts of uncomplexed norbornene (135.5 ppm). [49] Such an effect is mainly due to the four horizontal carbonyl groups, which cause further deshielding of the carbon atoms of the sixth ligand. C12 is shifted slightly downfield by about 5 ppm compared to C7 and C10 of the norbornene ligand of 2 in the experimental and calculated values (see Table 3 ). However, C7 has a comparable chemical shift (42.6 ppm) to the corresponding carbon atom of the uncomplexed norbornene (42.4 ppm). [49] As also observed for the proton chemical shifts, the inclusion of solvent effects improves the agreement between the calculated and the experimental 13 C values of 2 considerably. In 3, the carbon atom bonded to sulfur (C6) has a calculated chemical shift of 185.6 ppm, which is larger compared to the other carbon atoms of the ring (being 49.2 ppm for C7 and C8). As highlighted in the Molecular Geometries section, the carbonyl group oriented trans to the sixth ligand in all the complexes has a shorter bond length than the others, leading to C3 having larger chemical shift in all the three complexes than the other carbonyl carbon atoms (Table 3 ). The experimental 13 
NMR Spin-Spin Coupling Constants
Calculated and experimental spin-spin coupling constants for 1 are listed in [53] [54] ).
A comparison of the experimentally determined relative signs of the coupling constants with the signs calculated using the four-component Dirac-Kohn-Sham (DKS) and the two-component SO-ZORA (see Table S1 for the latter) revealed an unexpected inconsistency. Table 4 and its footnotes). Table 4 ). In general, in contrast to BP86, B3LYP reproduces the experimental spin-spin coupling constants well, see Figure 2 showing that the R 2 value is changing from 0.751 using BP86 to 0.943 using B3LYP in solution.
CONCLUSIONS
We have presented an analysis of the structural and NMR parameters of a newly carbon atoms for biologically relevant halogenated organic compounds, [15, 22] and shows the maturity of the four-component methods implemented in the ReSpect 
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